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Introduction

The Undulator A at the Advanced Photon Source (APS) is a planar permanent
magnet hybrid device optimized for generating x-rays from 3 keV to 45 keV by using the
first, third, and fifth radiation harmonics. It aso produces x-rays above this energy. For
high-energy experiments, users are relying on using higher harmonics, which has become
possible because of improved undulator technology over the past decade. The Undulator
A has been designed to provide continuous energy coverage with no significant drop in
brilliance when switching between the harmonics, i.e., the tuning curve from one
harmonic to the next intersect.

The undulator has a period length of 3.30 cm and has 72 magnetic periods (144
poles) for atotal length of 2.4 m. The undulator was initially described in Technical
Bulletin ANL/APS/TB-3 (1993) [1] and subsequently in ANL/APS/TB-17 (1994) [2].
Both documents were published before the first undulator had been delivered to the APS
so that the information given was based on design specifications. A three-dimensional
(3D) magnetic modeling code was used to estimate the magnetic field vs. gap, and
computer simulations were used to predict the on-axis brilliance, flux, and power for the
APS design lattice using an ideal undulator magnetic field, i.e., pure sinusoidal variation
of the magnetic field along the undulator. The magnetic field strength given in earlier
publications was what was required by the undulator purchase contract.

Since then, 23 Undulator A devices have been measured, tuned, and installed in
the storagering. It should be noted that undulators are removed periodically from the
storage ring for retuning, and the values listed in this document are therefore subject to
change. This document focuses on the measured magnetic properties and the spectral
performance of these devices. We will show the calculated on-axis brilliance and flux for
the present APS lattice (“low-emittance” lattice with 1.0% coupling) and compare those
with the APS design lattice. The radiated power and on-axis power density will also be
given. We will also look into the future for prospects to obtain even higher brilliances
and fluxes by further improvements to the lattice and by using longer undulators with
shorter period lengths. (We provide four appendices with additional information on A)
the APS storage ring, B) Undulator A measured magnetic properties, and C) one shorter-
period device. In Appendix D, we also compare the Undulator A on-axis brilliance vs.
other sources at the APS for the present low-emittance operation.)

All spectral and power calculations in this document were performed with
computer codes from the XOP suite of x-ray optics programs that assume an ideal
undulator magnetic field [3]. We have also been able to accurately predict the reduction
in brilliance of higher harmonics due to magnetic field errors by using the code UR that
uses a measured magnetic field as input [4], and specific references are given in the text
where such experience was used. Although a variety of properties of general interest
have been addressed here, specific needs by individual users will be met by contacting
the authors for more information.



First Beam and Spectral Measurements

The first undulator beam at the APS was observed on August 9, 1995 [5], and a
summary of thefirst results was given by Cai et al. [6]. Based on the characterization of
the device that included magnetic measurements, absolute spectral flux measurements
with a gas-scattering spectrometer, and crystal spectrometer measurements of the
spectrum (up to the 17" harmonic), it was concluded that the undulator had exceeded the
demanding magnetic requirements that were specified in the design.

In 1996, experimental work was continued on the same device, and results were
published that compared the measured absolute flux with calculations from XOP [3] and
the code UR [4]. Very good agreement was found; the small discrepancy could be
attributed to magnetic field errors and uncertainties in the beam parameters [7].

In 1997, the Undulator A type device was characterized at even higher photon
energies (50 — 200 keV) by Shastri et al. [8]. Again, they found that the measured spectra
agreed with predictions from computer calculations, which included the measured
magnetic fields, as well as a realistic beam emittance and beam energy spread [4]. A
very high harmonic content was accurately reproduced above 80 keV confirming the high
magnetic quality of the insertion device (and the accurate knowledge of the beam
parameters at the time).

A second device was diagnosed by llinski later in 1997 that included
simultaneous measurements of the beam parameters from detuned harmonic energies and
the absolute flux using a crystal spectrometer setup [9]. He found that the measured
absolute flux was within one percent of the calculated flux for the third harmonic (for the
fifth harmonic, the measured flux was 15% less than calculated). The reduction in
intensity for the third harmonic due to magnetic field errors could be estimated to be less
than 10%, again confirming the high magnetic quality of the undulator.

Magnetic Specifications and Magnetic Measurements

All insertion devices (IDs) undergo rigorous magnetic tuning before they are
installed in the storage ring. Stringent magnetic criteria must be met at all undulator gaps
S0 as to not perturb the stored beam in an undesirable manner. In addition to shimming
for low distortion of the beam (as expressed in tolerances for the first and second field
integrals and higher multipole moments), the undulators need to be shimmed for high
spectral brilliance [10]. To obtain high spectral brilliance, the rms phase error for the
devices must be kept small. The original tolerance requirement was that the rms phase
error be less than 8° to ensure that the brilliance of the third harmonic would be at least
70% of the ideal for a zero-emittance beam. This was a new design parameter for the
vendor. Traditionally, the rms peak magnetic field error had been used. However, the
rms phase error specification is more important because the intensity degradation of the
harmonics for a zero-emittance beam for well-optimized devices depends approximately
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exponentialy on this parameter, —- ~ exp(—nza;) , where n is the harmonic number and
n0

o,istherms phase error [11]. (Inredlity, when the beam emittance and the angular

acceptance of the photon beam are taken into account, the sensitivity to the phase errors
isless.) It should also be noted that intensity of the first harmonic is not particularly
sensitive to phase errors. The rms phase error and other important parameters that were
specified and calculated for Undulator A are givenin Table 1. We have chosen to list the
average values that were obtained from the magnetic measurements of 23 IDs with rms
variations, where applicable.

Table 1: Undulator A parameters, specifications and measured values.

Parameter Specified Value Measured Value V
Magnet material Nd-Fe-B

Pole material Vanadium permendur

Period length, A, 3.30cm

Number of periods, N 72 2)

Length, L 24 m

Minimum gap 10.5mm

Minimum range of gap taper 0-2 mrad

Effective field, Be at 11.5 mm gap >0.750T 3 0.803+0.007T
Effective field,Bg at 10.5 mm gap >0.835T ¥ 0.891+0.009 T
Peak field Bpeak at 10.5 mm gap >0.849T ° 0.906 £0.009 T
EffectiveK value,Kg at 10.5 mm gap > 2.57 4 2.74 £0.03
PeakK value,Kpex at 10.5 mm gap > 2.62 5 2.79 + 0.03
First harmonic energy < 3.2 keV 6 2.96 + 0.05 keV
Rms peak magnetic field error at 11.5 < 0.5% 37 0.49 + 0.07%
mm gap

Rms phase error at 11.5 mm gap <8° 38) 4.0+0.7°

2 Average quantities and rms variations were calculated from 23 measured IDs at the listed gaps. The
undulator period length (3.3 cm) derived from the magnetic measurements is accurate to better than 3
decimals. Average value and rms variation was not calculated.

2 Tobe exact, the device has 144 poles = 71.5 periods. Magnets at the ends are not of full strength. In this
document, for all spectral calculations except power calculations, Bg and N-2 = 70 periods were used. For
%ower calculations, however, a conservative value of By and N = 72 periods was used.

Vendor specification. All magnetic specifications to vendor were at 11.5 mm gap.
%) Calculated based on specifications to vendor.
5 Calculated. There was no specification on Bpea.
® Derived from the effective K value at 10.5 mm (zero emittance calculation).

) Onthe average, the specified value for the rms peak magnetic field error was met. However, although a

design parameter, thisis not an important parameter. See Appendix B, Figure B6 for gap-dependent

measurements.

® Therms phase error was met by alarge margin. In fact, the rms phase error does not exceed 7.1° for any
device at any gap. See Appendix B, Figure B5 for gap-dependent measurements and phase-error definition.



The undulators were tuned in the magnetic measurement facility at the APS for
high spectral purity at seven gaps ranging from 10.5 mm to 30.0 mm. The measured gap
dependency of the magnetic field is summarized in Table 2. Additional measured gap-
dependent magnetic properties can be found in Appendix B.

Table 2: Measured gap dependency of the peak magnetic field Byeak and effective field
Bet. The average values for 23 IDs are shown. The effective K value K and the first
harmonic energy E; are derived from B, and the powers are derived from Bpea.

Gap Y | Bpe (T) ¥ Bet (T) ¥ Kest E; (kev) ¥ Poensty ®  Prota
(mm) (kW/mradz) (kW)

10.5 0.9056 +£0.0090 0.8906 +0.0087 2.744 £0.027 2.959 +£0.046 168.0 6.04
11.0 0.8582 0.8455 2.605 3.209 159.0 5.42

11.5 0.8132 £0.0070 0.8027 £0.0067 2.473 £0.021 3.474 £0.043 150.6 4.87
12.0 0.7715 0.7625 2.349 3.750 142.6 4.38

12.5 0.7319 0.7243 2.232 4.040 135.1 3.95

13.0 0.6944 0.6880 2.120 4.343 128.0 3.55

13.5 0.6587 +£0.0055 0.6535 +0.0052 2.014 +0.016 4.658 +£0.049 121.2 3.20
14.0 0.6257 0.6212 1.914 4.979 114.9 2.88

14.5 0.5943 0.5905 1.820 5.310 109.0 2.60

15.0 0.5645 0.5613 1.730 5.650 103.3 2.35

15.5 0.5361 +£0.0045 0.5336 £0.0043 1.644 +0.013 5.996 +£0.055 97.9 2.12
16.0 0.5100 0.5078 1.565 6.340 92.9 1.91

17.0 0.4614 0.4599 1.417 7.036 83.7 1.57

18.0 0.4174 0.4165 1.283 7.733 75.3 1.28

18.5 0.3970 £0.0033 0.3963 +£0.0032 1.221 £0.010 8.077 £0.056 71.4 1.16
19.0 0.3781 0.3776 1.163 8.409 67.9 1.05

20.0 0.3430 0.3427 1.056 9.054 61.2 0.87

24.5 0.2211 £0.0019 0.2215+0.0019 0.682 +0.006 11.437 £0.037 37.0 0.36
25.0 0.2107 0.2111 0.651 11.638 348 0.33
3002 | 0.1303+0.0011 0.1310+0.0012 0.404 +0.004 13.039 +0.018 17.5 0.12
35.0 0.0806 0.0812 0.250 13.672 7.7 0.05

40.0 0.0498 0.0504 0.155 13.933 3.1 0.02

2 The measured gaps are shown in italic with rms variations added at those gaps only. I ntermediate gap
values were obtained by linear interpolation of log of field vs. gap.

2 Fields were not measured for gaps larger than 30.0 mm. For gaps beyond 30.0 mm, the dependency on
the gap was extrapolated from the field at the two largest measured gaps (24.5 mm and 30.0 mm).

% The measured peak magnetic field is defined as the average of the absolute value of the magnetic field at
the polesin the regular part of the undulator, i.e., omitting 5 end-poles at each end of the undulator.

) The measured effective magnetic field is derived from the slope of the slippage between the electron and
the light in the regular part of the undulator at the optimum view angle that defines the undulator axis for
on-axisradiation (6 =0). The slippageisproportiona to 1+ K2 /2. (The K2 /2 isameasure of the

electron’s average angular deflectiog' €> from the undulator axis.) This definition K§ ensures that

spectral harmonics calculated from a single harmonic sinusoidal variation of the magnetic field, i.e., an
ideal field, overlap in energy with the harmonics derived numerically from the measured magnetic field.



The effective magnetic field By is calculated from the relation Ky =0.9347, (cm)B (T), where A, isthe

undulator period length (3.3 cm). Note that Be; becomes slightly larger than Bye at large gaps, which can

be attributed to small angular tragjectory deviations (on the average) with respect to the on-axis direction. In

general, even for other definitions of B, such as from a Fourier decomposition of the magnetic field, By

may be larger than By, €.9., for a “flat-top” shape of the field. See Appendix B for definitioBepf

% Zero-emittance calculation usilgy for on-axis radiationd = 0) for beam energy 7.0 GeV. The values
here differ from what is measured on the beamline. There will be an asymmetric broadening of the
spectrum due to the beam emittance and the slit defining the angular acceptance of the photon beam that
causes a downward energy shift of the peak intensity. The numerically calculated energy shift for the

present lattice and a small aperture << size of the central céfe isg« 13-

® Zero-emittance calculation at beam energy 7.0 GeV and current 100 mABpsigd the full number
of undulator periodsN = 72).

The average over 23 measured 1Ds of the effective magnetic field Bes vS. gap is
shown in Figure 1, and the corresponding effective K value K¢ and the zero emittance
calculated value for the first harmonic energy E; are shown in Figure 2. The error bars
indicate the rms spread.
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Figure 1. Measured effective magnetic field Be as a function of gap (minimum gap is
10.5 mm). The error bars show the rms spread over 23 measured IDs. The data are listed
in Table 2. The solid lineisthe interpolation/extrapolation of field vs. gap. The
measured value of 0.80 T at 11.5 mm gap exceeds the vendor specification (0.75T) by a
large margin.
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Figure 2. Measured effective K value and calculated first harmonic energy (E;) for on-
axis radiation for 7.0 GeV beam energy as afunction of gap. The error bars show the rms
spread over 23 measured IDs. Thedataarelisted in Table 2. The solid lineisthe
Interpolation/extrapolation of K vs. gap, and the dotted lineis calculated from the
interpolated/extrapolated values. The minimum gap is 10.5 mm (K = 2.744), and the
minimum calculated energy is 2.96 keV. The useful tuning range for the first harmonicis
approximately 3 — 13 keV.



Spectral Performance

The radiated photon energy E, for the n'™ harmonic for asingle electron is given
by

0.95E%(GeV)n
Jem){L+ K2 12+ )262)

E, (kev) =~

where E isthe beam energy, yistherelativistic factor for electrons, y =1957E(GeV), A,
is the undulator period length, K, =0.934A,(cm)B (T) isthe effective K value, and 8
Is the polar angle measured from the undulator axis.

The tuning of the energy for permanent magnet devices relies on changing the
undulator gap, hence changing the effective magnetic field or effective K value. The
minimum accessible energy depends on the undulator period length. For an Undulator A,
~ 3 keV can be reached in the first harmonic at a minimum gap of 10.5 mm. The tuning
curves are calculated numerically by tracing the peak intensity vs. the harmonic energy
for agiven set of beam and undulator parameters for an ideal magnetic field. (Thereisan
asymmetric broadening of the spectral harmonics due to the beam emittance, and a small
downward energy shift of the peak intensity from the single-electron formulais
observed.)

The beam energy spread, which is especially important for narrow bandwidth
harmonics at high energies because it broadens the harmonics, was taken into account.
The reduction in brilliance due to magnetic field errorsis not taken into account, but it
can be estimated separately. Based on measurements of absolute flux and the comparison
with calculations using the measured magnetic field that were reported earlier [7, 9], we
expect to obtain at least 90% of the ideal intensity for the third harmonic and at least 80%
for the fifth harmonic for small apertures, i.e., on-axis brilliance (aperture << size of
central cone). The corresponding numbers for large apertures, on the order of the size of
the central cone, are 95% for the third and 90% for the fifth harmonic.

On-Axis Brilliance Tuning Curves

The calculated on-axis brilliance tuning curves for Undulator A for the present
low-emittance lattice are compared in Figure 3 to the APS design lattice. (The APS
storage ring lattices and beam parameters used in the calculations are discussed in
Appendix A.) The on-axis brilliance was increased by more than one order of magnitude
due to changes that were made to the lattice, and the highest brilliance today is well over
10" ph/s/mrad®/mm?/0.1%bw.
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Figure 3. Calculated on-axis brilliance tuning curves for the first, third, and fifth
harmonics for the present low-emittance lattice in comparison with the APS design lattice
for abeam energy of 7.0 GeV and a current of 100 mA. The minimum gap is 10.5 mm
and the lowest reachable energy is 3.0 keV. The on-axis brilliance was increased by
more than one order of magnitude due to three changes to the APS lattice: the emittance
was reduced from from 8.2 nm-rad to 3.5 nm-rad, the coupling was reduced from 10% to
1%, and the vertical £ function was reduced from 10 mto 4 min the ID straight sections.
The highest brilliance is 3.3x10" ph/s/mradmm?0.1%bw at 7 keV for the first
harmonic.

On-Axis Flux Tuning Curves

The flux integrated over the full size of the central cone does not depend on the
beam emittance. However, for afixed-sized aperture that does not cover the whole
central cone, the flux will increase with the smaller emittance. (The small increaseis due
to the narrowing of the central cone.)

The on-axis flux tuning curve for the present low-emittance lattice is compared in
Figure 4 with the design lattice for a fixed aperture of 2.5 mm (h) x 1.0 mm (v) at 30 m
from the source. This aperture was near optimal for the design lattice but is somewhat
bigger than the FWHM-size for the low-emittance lattice. (See also Figures7 - 10, which
give examples of spatial photon distributions at 30 m for the two lattices.) For the chosen
aperture, thereis a 30% increase in the flux at the peak in the tuning curve (at 5 keV for
the first harmonic). The flux at the APS is approaching 10" ph/5/0.1%bw (a value that
depends on the chosen aperture).
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Figure 4. Calculated on-axis flux tuning curves for the first, third, and fifth harmonics for
the present low-emittance lattice in comparison with the APS design lattice for a beam
energy of 7.0 GeV and a current of 100 mA. The minimum gap is 10.5 mm and the
lowest reachable energy is 3.0 keV. The fixed-size apertureis 2.5 mm (h) x 1.0 mm (v)
at 30 m from the source. The highest flux is 6.8x10™ ph/s/0.1%bw at 5 keV for the first
harmonic. (It is30% higher than for the design lattice due to the narrowing of the central
cone.)

Canted and Tandem IDs Compared with Undulator A

Shorter and longer 1Ds are being evaluated for the straight sections. (Two shorter
canted IDs, with an electron trajectory bend in between them, can make two sourcesin a
single straight section.) Here we compare three different lengths of 1Ds with the 3.3-cm
period length: L = 2.1 m represents shorter canted IDs, L = 2.4 misfor the current length
of Undulator A, and L = 4.8 m represents placing two Undulators A in tandem. We kept
the length at 4.8 m to represent two full-length Undulators A in series with perfect
phasing, although some space will be needed between them for hardware (magnetic
phase shifter) to maintain the synchronism condition between the electron and light when
the undulator gap is changed.

On-Axis Brilliance Tuning Curves for Canted and Tandem IDs

The on-axis brilliance tuning curves for the three devices are shown in Figure 5
and the brilliances are compared in Table 3 for energies selected from each harmonic and
a 7 keV, where the peak in the tuning curve occurs. The on-axis brilliance scales with



the number of periods NP as expected, and the exponent p approaches one for high
energies and long devices when or becomes << gy.. (See Appendix A, where thereisa
discussion of the brilliance scaling from estimates of the flux in the central cone.)

Table 3: Calculated on-axis brilliance® for three different ID lengths with period length
3.3 cm for the present low-emittance lattice. The exponent p for scaling vs. the number

of periods NP isgiven in parenthesis with Undulator A (N=70) being the reference. ?

Energy (keV)  L=2.4m; N=70 L=2.1 m; N=60 L=4.8 m; N=142
(Undulator A) (Canted) (Tandem)

7 (1% 3.29x10%° 2.61x10% (1.50) 8.69x10%° (1.37)

10 (1? 2.60x10™ 2.07x10™ (1.48) 6.76x10™ (1.35)

20 (39 1.62x10" 1.33x10" (1.28) 3.61x10% (1.13)

30 (5" 8.71x10™ 7.27x10" (1.17) 1.86x10"™ (1.07)

Y on-axis brilliance in units of ph/s/mrad?/mm?/0.1%bw at 7.0 GeV beam energy and 100 mA current.
2 Use NP to estimate the on-axis brilliance for other lengths.

1020

. . L=2.4 m (UA)

N L=2.1m

1019

On-Axis Brilliance (ph/s/mradmm?/0.1%bw)

108

0 10 20 30 40 50
Energy (keV)

Figure 5. Calculated on-axis brilliance tuning curves for the first, third, and fifth
harmonics for the present low-emittance lattice comparing three lengths of IDs with
period length 3.3cm: L = 2.1 m, L = 2.4 m (Undulator A; same as the solid curvein
Figure 3), and L = 4.8m. The beam energy is 7.0 GeV and the current is 100 mA. The
minimum gap is 10.5 mm and the |owest reachable energy is 3.0 keV.
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On-Axis Flux Tuning Curves for Canted and Tandem IDs

The on-axis flux tuning curves for the same devices for an aperture of 2.5 mm (h)
x 1.0 mm (v) at 30 m from the source are shown in Figure 6 and compared in Table 4 for
select energies. The peak in the flux tuning curve appears at slightly lower energy (5
keV). The flux scales aimost linearly with the number of periods N, as expected.

Table 4: Calculated on-axis flux ¥ for three different 1D lengths with period length 3.3 cm
for the present low-emittance lattice. The exponent p for scaling vs. the number of

periods NP isgiven in parenthesis with Undulator A (N=70) being the reference. ?

Energy (keV)  L=2.4m; N=70 L=2.1 m; N=60 L=4.8 m; N=142
(Undulator A) (Canted) (Tandem)

5 (19 6.81x10™ 5.63x10™ (1.23) 1.51x10" (1.13)

10 (1? 4.09x10" 3.46x10™ (1.09) 8.60x10™ (1.05)

20 (39 2.02x10™ 1.71x10* (1.08) 4.30x10" (1.07)

30 (5" 9.06x10% 7.67x10" (1.08) 1.92x10" (1.06)

" On-axis flux in units of ph/s/0.1%bw at 7.0 GeV beam energy and 100 mA current.
2 Use NP to estimate the on-axis flux for other lengths; notep ~ 1.
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Figure 6. Calculated on-axis flux tuning curves for the first, third, and fifth harmonics for
the present |ow-emittance lattice comparing three lengths of 1Ds with period length
33cm:L=21m,L=24m(Undulator A; same as solid curvein Figure 4), and L = 4.8
m. The apertureis 2.5 mm (h) x 1.0 mm (v) at 30 m from the source. The beam energy
is 7.0 GeV and the current is 100 mA. The minimum energy is 3.0 keV at 10.5 mm gap.
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Power Considerations

The immense power (~ 6 kW) and power densities (~ 160 kW/mrad?) generated
by the Undulator A insertion devices at small gaps were an engineering challengein the
initial design stage of the APS front-end components. And it continues to be so asthe
demand for higher brilliance and flux continues, and longer IDs and higher stored beam
current are being considered. (The radiated total power and the on-axis power density
both scale with the number of periods N and thering current I.) The total power isaso
proportional to the square of both the beam energy and the peak magnetic field (for an
ideal field), whereas the on-axis power density is proportional to the fourth power of the
beam energy and depends linearly on the peak magnetic field.

The power calculations in this document have been performed using the peak
magnetic field Bpeax and the full number of periods N in the analytical formularather than
N-2 and B that were used for the brilliance calculations. The undulator power angular
distribution and its dependency on different parameters are described in the paper by Kim
[12]. By making this choice, for the Undulator A parameters, we will typically
overestimate both the total emitted power, i.e., integrated over al energies and all angles,
and the on-axis power density by ~ 5% at 10.5 mm gap (The error was derived from
numerical calculations using the measured magnetic field; in fact, using N-2 and Be
would give an almost perfect agreement, but we have chosen to present calculations using
conservative values.) At larger gaps, Bpeac ~ Bet @nd the discrepancy will be less.

The series of spatial photon distributions that were given in the earlier technical
bulletin are still applicable for getting an idea of the complex distribution outside of the
central cone (Figures 6 - 8in ANL/APS/TB-17 [2]) and will not be repeated here. The
central cone of radiation will be narrower for a smaller emittance (low-emittance lattice),
but the effect of the emittance on the undulator power angular distribution can be
neglected. Both of these issues will be discussed here. The aperture-limited power
curvesin TB-17 (Figures 11 — 19) are still applicable and are very important for beamline
designers. The flux curves in the same figures will change for the smaller emittance and
should be re-examined for detailed designs. (The gap-dependent information in Figure
10a changed, but Figures 10b - ¢ can be used.)
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Angular Distribution and Effect of Emittance

Photons are emitted in discrete annular regions outside of the central cone. These
rings belong to higher harmonics, but their energy is the same as the central-cone energy
because they are observed at off-axis angles. The polar angleis given by

_1 i
o= H(1+K;f/2),

where n is the harmonic number for the central cone energy, and | is the next higher

harmonic number (counting from n). The photon distribution for the first harmonic

energy (n =1, E=2.95keV) at 30 m from the source for K¢ = 2.74 (closed gap 10.5

mm) isillustrated in Figure 7 for the 8.2 nm-rad design lattice. The second harmonic

(I =1) is visible near £ 4 mm in the vertical direction. The corresponding cross-section
profiles of the central cone are shown in Figure 8.

The corresponding photon distributions and cross-section profiles of the central
cone for the low-emittance lattice are shown in Figure 9 and Figure 10, respectively. The
peak intensity grows and the central cone becomes narrower, and the second harmonic
now appears more distinctly.

The rms size of the central cone at distabdeom the source can be

approximated by
D |07, +HYH+07 H
X,y D r H

where o, . is the rms beam divergence aog, is the rms beam size in the horizontal

and vertical directions, respectively. The diffraction-limited photon-beam divergence is
0— L

r

The off-axis annuli of radiation are normally not of interest for the users,
however, at detuned harmonic energies, they can be used as a sensitive tool to measure
the beam parameters because of the small natural width of the annular regions [9].

13
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Figure 7. Spatial photon distribution at 30 m from the source for K¢ = 2.74 (closed gap
10.5 mm) at the first harmonic energy (2.95 keV) for the 8.2 nm-rad design lattice. The
peak intensity is 3.4x10™ ph/s'mm?0.1%bw. The innermost contour lineis the FWHM
of the central cone. The second innermost white contour lineis at the 10 level (other
contour lines are afactor of 10 apart).
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Figure 8. Flux density cross-section profilesin the horizontal and vertical directions at
30 m from the source corresponding to the distribution shown in Figure 7 at the first
harmonic energy (2.95 keV) for the 8.2 nm-rad design lattice. The FWHM, is1.95 mm
and the FWHMy is 1.07 mm.
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Figure 9. Spatia photon distribution at 30 m from the source for Kt = 2.74 (closed gap
10.5 mm) at the first harmonic energy (2.95 keV) for the present 3.5 nm-rad low-
emittance lattice. The peak intensity is5.1x10* ph/s'mm?/0.1%bw. The innermost
contour line isthe FWHM of the central cone. The second innermost white contour line
is at the 10" level (other contour lines are afactor of 10 apart). The central cone,
including the second harmonic off-axis, appears more distinctly for the smaller emittance.
(The jaggednessiis partially an artifact from the cal culations due to the finite number of
points used.)
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Figure 10. Flux density cross-section profilesin the horizontal and vertical directions at
30 m from the source corresponding to the distribution shown in Figure 9 at the first
harmonic energy (2.95 keV) for the 3.5 nm-rad low-emittance lattice. The FWHMy is
1.81 mm and the FWHMy, is 0.94 mm.
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The frequency-integrated angular power distribution is very wide in comparison
with the size of the central cone for any given selected harmonic energy [12, 13] and is
typically not sensitive to the beam emittance. Thisisillustrated in Figure 11 where three
examples of power distributions at select energies and the frequency-integrated power for
Undulator A at closed gap (10.5 mm) at 30 m from the source is shown in a series of
frames calculated for the low-emittance lattice. The size of the aperture was increased to
+ 10 mm to fully cover the much wider power density profile.

The distribution at the first harmonic energy (2.95 keV) is shown in the upper left
frame (same as in Figure 9 but with the wider aperture here). The second and third
harmonics are clearly visible outside the central cone. A similar distribution at the third
harmonic energy (8.85 keV) is shown in the lower left frame. The fourth, fifth, and sixth
harmonics are intense enough to appear now. The intensity pattern outside the central
cone becomes more complex, partially due to the emittance that mixes the harmonics.

The upper right frame shows the interesting (and well-known) distribution at a
highly detuned energy near the third harmonic (detuning 0.5 keV; same vertical scale).
The central cone of radiation splits into two peaks that are separated in the vertical
direction—here they moved off-center by £ 1.1 mm, which is well beyond the central
cone for the third harmonic energy. The distributions on the high-energy side of a
harmonic energy are different, however (not shown). The intensity in the central cone
disappears quickly, whereas the intensity of the outer rings of radiation changes slowly
with energy. The outer rings consisting of closely spaced higher harmonics (spacing

~1/\/ﬁ) are very important as they are responsible for contributing to the power density
outside of the central cone when integrated over all energies (frequencies).

The frequency-integrated power is built up of profiles similar to those presented
in Figure 11 to about five times the critical energy (~ 150 keV for the Undulator A at
closed gap). The composite is shown in the lower right frame in the same figure. The
useful flux in the central cone contains only a small fraction of the total power (< 10% for
the example chosen). The angular width of the frequency-integrated power density profile
is approximatelyt K , /y in the horizontal direction anti1/y in the vertical direction
(1/y =73prad for 7.0 GeV). The effect of the APS beam emittance on the frequency-

integrated power density profile can therefore be ignored beeguse K ., /y and
o, <<1l/y. (Thisis in sharp contrast to the effect it has on the angular size of the central
cone, and hence, the on-axis brilliance that was discussed above.)
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Figure 11. Examples of spectral power profiles and how they build up to the power
density profile at D = 30 m from the source for Undulator A at closed gap (10.5 mm;

Keit = 2.74, Kpeac = 2.79) for the low-emittance lattice. The apertureis 10x10 mm and the
vertical scale isthe same for al select energies. The first harmonic energy is at 2.95 keV
(same distribution asin Figure 9), and the third harmonic is at 8.85 keV. The third
harmonic was detuned by 0.5 keV, and this distribution is shown at 8.35 keV. Notice that
the central cone split and that two relative strong peaks appear in the vertical direction.
Note also the annular regions of intensity outside of the central cone that come from

higher harmonics. The frequency-integrated power density isbroad: ~ + DK, /y and
= D/y inthe horizontal and vertical directions, respectively.
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Spectral Power

Beamline designers must know the spectral power content of the emitted
radiation. To illustrate the importance of choosing a proper aperture, we cal culated the
angle-integrated spectral power (no limiting aperture) and the aperture-limited spectral
power for Undulator A at closed gap 10.5 mm using Kpea= 2.79 for beam energy 7.0
GeV and current 100 mA. Theresults are shown in Figures 12 and 13, respectively.

0.20 T T T T T T T T S S ——— e o)
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0.15 P LT e Undulator calculation .
‘ Cumulative Power
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Figure 12. Angle-integrated spectral power (dotted curve) and cumulative power (dashed
curve) for Undulator A at closed gap 10.5 mm for the present low-emittance lattice. (The
cumulative power isthe integral of the spectral power for the undulator calculation.) The
wiggler approximation is also shown (solid curve) using aK value of 2.79, corresponding

to the peak magnetic field and critical energy of 29.5 keV. Here, Eigy, = 6 keV, Esgy = 25
keV, and Egoy, = 72 keV. The Esgy, divides the integrated power curve in half, i.e., 50%

of the power isbelow 25 keV and 50% is between 25 — 150 keV. Note thdsyy, is
somewhat smaller thaf,. Because we are integrating over all angles and all energies,
the value of 6 kW corresponds to the total emitted power. The shape of the spectral
power curve reflects the large content of higher harmonics being taken into account at
large angles and the average becomes “wiggler-like.”

The cumulative power (frequency-integrated power) calculated from the
undulator curve is also shown, and we give the energies that divide the spectral power
into different fractions of emitted power. (The cumulative power calculated from the
wiggler approximation is not shown, but it does not differ from the undulator curve.) The
calculated valu&sgy, differs fromE; (E. divides the spectral power into half for a
bending magnet but not for the undulator spectrum or wiggler-approximated spectrum).
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The critical energy E. isrelated to the beam energy and peak magnetic field by

E.(keV) = 0.665E*(GeV) Boeac (T)

where E isthe beam energy (7.0 GeV).
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Figure 13: Aperture-limited spectral power (dotted curve) and cumulative power (dashed
curve) for Undulator A at closed gap (10.5 mm) for the present low-emittance | attice.

The apertureis 2.5 mm (h) x 1.0 mm (v) at 30 m from the source. The wiggler
approximation is also shown (solid curve) using aK value of 2.79, corresponding to the
peak magnetic field and a critical energy of 29.5 keV. Here, Eigy, = 11 keV, Espy, = 43
keV, and Ego, = 105 keV. Note that Esoy IS larger than E¢ here, showing that the
spectrum is “harder” than what is expected from a bending magnet spectrum. The
frequency-integrated power of 440 W is less than 10% of the total emitted power.

Total Power and Power Density

The gap dependency of the total power and on-axis power density calculated from
the peak magnetic field is shown in Figure 14. We also show the total power and on-axis
power density vs. the first harmonic energy (Figure 15), which are useful when
comparing powers for different devices (different period lengths). The data are from
Table 2, and the effect of the emittance on the on-axis power density was ignored as

discussed above.
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Figure 14. Total power and on-axis power density for Undulator A (zero-emittance
calculation) vs. gap. The dataare from Table 2. Beam energy is 7.0 GeV and current is
100 mA.
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Figure 15. Total power and on-axis power density for Undulator A (zero-emittance
calculation) vs. first harmonic energy. The data are from Table 2. Beam energy is7.0
GeV and current is 100 mA.

22



Prospect for Increased Brilliance

There are several ways to increase the on-axis brilliance at the APS in the future,
such asincreasing the stored beam current, making the IDs longer, and making changes
to the storage ring lattice [14]. With the storage ring hardware, it istechnically feasible
to operate at 300 mA current at 7.0 GeV beam energy. However there are many technical
and engineering tasks to be solved before this operation can be achieved. The main
limiting factor is the increase in power loads on the front-end and first-optics beamline
components that comes with increased current and longer devices. (Today, operating
Undulators A at a closed gap of 10.5 mm and at a beam energy of 7.0 GeV limitsthe
storage ring beam current to 130 mA.)

Beam and Lattice

Here, we present the on-axis brilliance for the goal of operating the APS at 7.0
GeV and 300 mA using two suggested lattices with small coupling (0.1%). The beam
parameters for the lattices are listed in Appendix A, Table A3. One of the proposed
lattices allows for longer straight sections (10.7 m), and, for this lattice, we used an
undulator with 2.5 cm period length, which represents a near-optimum performance:
tuning curves for first and third harmonics nearly intersect, and there is only a small
brilliance drop between them (Figure 16).

Insertion Device Changes

One way to obtain higher brilliance is to use shorter period devices (shorter than
3.3cm). (Asan example, the magnetic properties of a2.7-cm-period device are given in
Appendix C, and, in Appendix D, we compare the Undulator A on-axis brilliance vs.
other devices at the APS for the present low-emittance lattice.) Both the total power and
the on-axis power density will increase and may grow at afaster rate than the increasein
the on-axis brilliance. It depends on the selected energy range and harmonic number, and
studies will have to be done that make calculations for specific devices. For relatively
open gaps (small K values) and harmonic numbers above one, shorter period devices are
favored. For operations at high currents (e.g., the proposed 300 mA) and when using
longer IDs, it will be necessary initialy to restrict the tuning range to limit the power
loads on the front-end and beamline components.

The on-axis brilliance tuning curves at a beam energy of 7.0 GeV for the present
low-emittance lattice are compared with the two future lattices in Figure 16 for different
undulator lengths and different period lengths. The tuning curves were calculated up to
100 keV and include very high harmonics (up to harmonic number 33 for Undulator A)
to correctly trace the behavior at high energies. (Overlaps of the harmonics have been
removed for clarity.) Note the degradation due to magnetic field errors was not taken
into account, and the brilliances are therefore overestimated at high energies. (If the
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higher harmonics were completely smeared out, “wiggler-like” behavior, then the drop in
brilliance at 100 keV would be about a factor of two from what is shown in the figure.)
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Figure 16. Calculated future on-axis brilliance tuning curves up to 100 keV that include
very high harmonics for three lattices and three undulator period lengths for a beam
energy of 7.0 GeV. The minimum gaps are: 10.5 mm for 3.3-cm period, 8.5 mm for 2.7-
cm period, and 7.5 mm for 2.5-cm period. The performance for 4.8-m-long IDs for the
present low-emittance lattice at 100 mA current are shown as short-dashed curves (at the
bottom). The brilliance for the same IDs for the future lattice with 0.1% coupling at 300
mA are shown as long-dashed curves (in the middle). The top solid curve is for the
future lattice with 0.1% coupling with a 10.7-m-long device and 2.5 cm period at 300

mA. This ID would produce photons in excess dof pb/s/mrad/mm?/0.1%bw at 10

keV. At this photon energy, the total power would be about 30 kW (5 times Undulator A
at closed gap) and the on-axis power density 1800 kWngtatD times the Undulator A

at closed gap). (At closed gap 7.5 mm for this device the corresponding values would be
80 kW and 3000 kW/mrad
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Appendix A: The APS Storage Ring

Electron-Beam Phase Space

The electron-beam transverse motion in the horizontal ( x,X') and vertical (y,y')
betatron phase space occupies paths on ellipses centered on the closed orbit that are
periodic with the sector periodicity. To a good approximation, the phase space
distribution is Gaussian

X =5 eper V(X +20,(9X + (X ]

27E 2¢€

X X

and similarly for (y,y'), where a (s), 8 (s), and y(s) are the so-called Twiss parameters

that depend on the longitudinal coordinate s. The & isreferred to as the beam emittance
[15]. Only two of the three Twiss parameters are independent because

1+a,(s)®
V(8 =———
B,(s)
o _1dB.(s)
relates a, B, and y. Thea function isrelated to Sthrough a,(s) = _E?' and the

variation of Bin free space between the focusing quadrupoles in the straight sectionsis
given by

_ (s-s)’
B.(s) = B,(s,) * 5)

where g, (s,) isthe minimum value of the S function at location S..

The coupling constant x describes the coupling between betatron oscillations in
the two planes and is defined as the ratio of the vertical emittance to the horizontal
emittance,

™ |<M

X:

X

Thisvalue for today’s operations is about 1%, a much smaller value than that of the
original design lattice specification of 10%. For the APS, the natural emittasees; +
§.
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The horizontal rms beam size o, and beam divergence o, are usually expressed
in the Twiss parameters that characterize the lattice,

ax = \l‘gxﬂw ax’ = \l‘gxyx '

and similarly for (y,y'). Notethat, for anontilted (upright) ellipse, y= 1/Band a = 0.
The B, was decreased from 10 min the original design lattice to 4 min the center of the
straight sections in order to increase the acceptance of the 5-m-long vacuum chambers
and to increase the brilliance.

The electrons in the beam do not all have the same energy, and the beam energy
spread JE/ E will create a distribution of orbits, each separated from the equilibrium
closed orbit by an amount that is proportional to the energy difference. The spread of

ds
have the same periodicity as the Twiss parameters. The energy dispersion widths are
given by

orbitsis characterized by the dispersion functions r7(s) and 77'(s) [7'(s) =

5,(5) =1,(9) @%EQ 5.(9) =17,(9 @"EEQ

The total width of the beam is then the sum of the betatron widths and the energy
dispersion widths,

Ux = V‘SXIBX+5><2’ ax’ = V‘Sxyx+5>3 ’

and similarly for (y,y'). Thedispersion 1, iszero in the center of the straight sections
for the new lattices but the 7, isnonzero. The dispersion isaways designed to be zero
in the vertical direction, but perturbationsin the optics may produce some small values.

Photon-Beam Phase Space

The phase space occupied by the undulator radiation is made up of two
components, the electron-beam phase space and the diffraction-limited phase space of the
photon beam—Dboth can be approximated by Gaussian functions. The rms diffraction-
limited photon-beam sizeg, and divergence,. at the undulator center are given by

g =Y 5 - A
iyrg 2L
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where L isthe undulator length and A is the radiated wavelength. The rms width of the
radiated photon-beam phase-space distribution is then obtained from a convolution of the
individual Gaussian distributions,

— 2 2 — 2 2
I, =4O tor, I, =40, 07,

and similarly for (y,y').

For today’s lattices, with a coupling of about 1%, the photon-beam size i® both
andy is dominated by the electron-beam size, andthé~ 2um for 8 keV photons;

L = 2.4 m) can be ignored. The photon-beam divergence, however, is dominated by the
electron-beam divergence only in the horizontal direction. In the vertical direction, the

natural divergence of the photoas (~ 6 prad for 8 keV photond; = 2.4 m) is

comparable to the electron-beam divergence|frad) and needs to be taken into
account.

Brilliance Estimate from the Flux in the Central Cone

It is useful to be able to estimate the on-axis brilliance from the radiated flux in
the central cone as discussed below. (In this document, we used an accurate numerical
computation based on the Bessel function approximation for the tuning curve
calculations.) The on-axis brillian&y may be approximated by the photon flux in the

central cond-cye divided by the phase-space a(ear)zzxzx,zyzy, occupied by the
photon beam [13]. Three limiting cases may be defined that depend on the beam
emittance vs. the diffraction-limited photon-beam sizend divergences, :cases A-C
below.

In the emittance dominated regime (case A), the smaller the emittance, the higher
the brilliance. In the intermediate regime (B1, B2), where the contributiondroto the
phase space is important or dominant, making the S function small will increase the
brilliance. For the APS (case B1), areduction of S, does not increase the divergence of

the emitted radiation significantly, but the photon-beam size will be smaller by ./ B, , and,
thus the brilliance will increase by the same factor.

The scaling of brilliance vs. the number of undulator periods N is also indicated.
(The flux in the central cone scales linearly with N and the current |. The natural

divergence o, scalesas 1/ JN .) At very high harmonic energies, the beam energy

spread and the undul ator magnetic field errors smear the harmonics and make the
undulator behave wiggler-like, and the brilliance will scale ailmost linearly with N.
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The on-axis brilliance B, can be divided into the following regimes:

A. Emittance dominated regime: o,,0, >>0, and 0,,,0, >>0,

F

cone

~ : ’
(2m)°e,e,

0 0

B1l. Intermediateregime 1: 0,,0, >>0, and 0, >>0,, 0, << 0, (important for the
APS at |low-to-intermediate energies)

~ % ~ N

0 2 =0 .
(2m)°e0,0,

B2. Intermediateregime 2: 0,,0,>>0, and 0,,,0, << 0,

Fcone B() ~N 2 ]

° (2m’o,0,07"

C. Diffraction-limited regime: o,,0,<<0o, and 0,,0, << 0O,

F F

cone —_ cone

B, ~ = B, ~
° (@2m?oiac? (A2

APS Storage Ring Lattices

There are severa storage ring lattices used in the calculations in this document.
We will start with the APS design lattice as it was described in Technical Bulletin
ANL/APS/TB-17 [2]. Then we will describe today’s two operational lattices, the “low-
emittance” and “high-emittance” lattices, and finally we will look into the future for
lattices with even smaller coupling—approaching 0.1%. The papers by Emery et al. give
a good overview of the recent APS lattice improvements from the APS design stage to
today (including top-up operations) [16, 17].
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In the calculations, we use the minimum values of the S functions corresponding
to an upright phase space ellipse (nominally at the center s, of the straight sections) for
the model latticeslisted in TablesAl1— A3. The IDs are located off-centefs by
about 1.3 m, however, the effective change of the source pdsigfom the locatiors,
will be less due to the finite electron-beam divergence as explained in Technical Bulletin
ANL/APS/TB-33 [9]. (The formula given in the earlier technical bulletin is corrected
here.) In the x direction, where the electron-beam divergence is much larger then the
natural divergence, the offset can be ignored. In the y direction, the effective offset in
source positiohg should be used instead. It is given by

L — Loffset
eff — g :
1+
i Qj% 0

Inserting realistic values for the divergences (~ 6urad at 8 keV andr,, ~ 3

prad for the low-emittance lattice), we dek ~ 1.0 m. This value however, should be
compared to the typical distance from the solree30 m, where there is a limiting

aperture that defines the angular acceptance of the photon beam. Hence, the change in
the measured on-axis angular flux denafip /D will be ~ 7%, and the offset can

typically be ignored also in the y direction. There is also an uncertainty in the location of
S itself that is comparable tag. The locatiors, is designed to be at the center of the
straight sections, but variations of 0.9 m rms for the horizontal direction and 0.4 m rms
for the vertical direction may occur from one sector to the next [18].

The calculated lattice parameters agree rather well with recent measurements of
the sector-averagesl(s;) for the low-emittance lattice. The model was accurate to
within 5% for B(s,) and 20% forB(so) [18]. There are constant efforts to improve the
optics to yield still better agreement in the future.

Design Lattice

The original APS design lattice had a natural emittaafe8.2 nm-rad with a
minimum coupling specification of 10% and zero dispersion in the 5-m-long straight
sections for the IDs. The storage ring energy was 7.0 GeV, the beam current was 100
mA, and thesB functions were 14 m and 10 m in the horizontal and vertical direction,
respectively. Table Al (reproduced from ANL/APS/TB-17 [2]) shows the relevant
parameters for the design lattice. In this note, we refer to this lattice as the design lattice.
We ran with this lattice from the start of commissioning to December of 1997.

29



Table Al: The APS 8.2 nm-rad design lattice and source parameters at the center of the

ID straight sections.

Parameter V Value

Storage ring energy, E 7.0 GeV
Storage ring current, | 100 mA
Natural emittance, & 8.2x10°° m-rad

Horizontal emittance, &
Vertical emittance, &

7.45x10° m-rad
7.45x10° m-rad

Minimum coupling specification 10%
Horizonta betafunction, 3 142 m
Vertical betafunction, 5, 10.0m
Horizontal beam size, ok 325 um
Vertical beam size, gy 86 um
Horizontal beam divergence, oy 23 prad
Vertical beam divergence, oy 9 prad

Y The dispersiong,, 17 and the alpha functions a, ay are zero. The beam energy spread JE/E is 0.096%.

Present Lattices

There are two operational lattices used today, and both are listed for
completeness. Both are low-43, lattices, i.e., a3, of ~4 misused inal ID straight
sections, reducing the vertical beam size and improving instability thresholds. They have
been in operation since March of 1998. (A hybrid lattice, where only one straight section
had 3, 4 m, and the others had 10 m, was used for a short time between January 1998 and
March 1998.) The low-, lattice (high-emittance | attice) has an equilibrium emittance of
7.7 nm-rad, and was the standard lattice from March 1998 until September 2001. In
October 2001, we adopted a low-emittance version of the low-23, lattice as the standard
operation lattice, which we call the low-emittance lattice. The old low-/, lattice is now
called the high-emittance lattice, and it is used occasionally for one-week periods during
non-top-up runs. (The high-emittance lattice was not used for calculationsin this
document.)

The horizontal emittance for the APS low-emittance lattice &is 3.5 nm-rad, and it
has been reduced by a factor of two in comparison with the 8.2 nm-rad design lattice.
Further, the coupling was reduced by afactor of ten to 1%. The smaller emittance could
only be achieved by introducing nonzero dispersion in the straight sections, however. In
comparison, the high-emittance | attice allows zero dispersion in the straight sections, the
same coupling, but slightly changed beta functions. Table A2 compares the important
parameters for the two lattices.
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Table A2: Comparison of the present 3.5 nm-rad low-emittance and the 7.7 nm-rad high-
emittance lattices and source parameters at the center of the ID straight sections.

Parameter %) L ow-Emittance High-Emittance
Storage ring energy, E 7.0 GeV 7.0 GeV
Storage ring current, | 100 mA 100 mA

Beam energy spread, oE/E 0.096% 0.096%
Horizontal emittance? & 3.5x10° m-rad 7.7x10° m-rad
Vertica emittance, g, 3.5x10™ m-rad 7.7x10 " m-rad
Coupling constant 1% 1%

Horizontal beta function, S 14.4m 16.1 m
Vertical betafunction, 3, 40m 43m
Dispersion function, 7« 0.124m 0.0m
Horizontal beam size, o 254 um 351 ym
Vertical beam size, gy 12 pm 18 pm
Horizontal beam divergence, oy 15.6 prad 21.8 prad
Vertical beam divergence, oy 3.0 prad 4.2 prad

Y The dispersion functior), is zero, and the a phafunctions ay, a, are zero. The horizontal source size
includes the effect of the dispersion function 7,.

2 The emittance is derived from model calculations, During operations, when many 1D gaps are lowered at
the same time, the additional synchrotron radiation loss causes the equilibrium emittance to be slightly
smaller—maximum reduction will be 10%. We have chosen to ignore this effect in order to give a
conservative value for the calculated on-axis brilliances.

Future Lattices

Thereisapossibility in the future that the coupling can be made much smaller
than the 1% we use today. The ultimate limit would technically be around 0.1%. Further,
one can also envision increasing the beam current up to 300 mA, which is technically
feasible for the storage-ring components (but the radiated power—on-axis power density
and total power—onto the front-end components does not allow this at the present time).

The possibility of making3 different in specific sectors to suit particular needs of
users exists, but at the expense of making it more difficult to achieve the lowest emittance
possible.

It is also technically feasible to introduce longer straight sections (10.7 m) at the

expense of a slightly increased emittance [17, 19]. We have also made brilliance
calculations for this case (for an optimized period length of 2.5 cm) that will represent the
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ultimate technical limitation of the APS storage ring. The parameters used for
calculations of on-axis brilliances for both lattices are listed in Table A3.

Table A3: Comparison of future high-current, low-coupling, low-emittance | attices.
A 3.5 nm-rad lattice vs. 4.0 nm-rad lattice with 10.7 m long straight sections.

Parameter %) 3.5 nm-rad lattice 4.0 nm-rad lattice
Storage ring energy, E 7.0 GeV 7.0 GeV
Storage ring current, | 300 mA 300 mA

Beam energy spread, oE/E 0.096% 0.097%
Horizontal emittance? & 3.5x10° m-rad 4.0x10° m-rad
Vertical emittance, &, 3.5x10"*m-rad 4.0x10 " m-rad
Coupling constant 0.1% 0.1%
Horizontal beta function, S 149 m 200m

Vertical betafunction, 3, 3.7m 53m
Dispersion function, 1 0.120m 0.052 m
Horizontal beam size, o 255 pym 287 ym
Vertical beam size, gy 4 um 5um
Horizontal beam divergence, oy 15.3 prad 14.1 prad
Vertical beam divergence, oy 1.0 prad 0.9 prad
Length of straight section, L 50m 10.7 m

Y The dispersion function, iszero. The horizontal source size includes the effect of the dispersion
function 17, The a functions ay, ay are zero.

2 The emittance is derived from model calculations.

Bunch Pattern and Timing Structure

The storage ring is operating in either single-fill mode or hybrid-fill mode. The
actual bunch pattern is not needed for the calculations in this document, as we only need
the average beam current. However, it is necessary to know the peak current for
calculations of peak quantities such as the on-axis peak brilliance. Thisisgenerally of
Interest when comparing quantities for the APS vs. fourth-generation light sources, where
the on-axis peak brilliance is the most-often quoted quantity. The peak current for any
bunch pattern (Gaussian-shaped bunch) is related to the average beam current per bunch,
Iave by

3683

| = ,
Pt 2o, (NS)
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where 0,,., 1Sthermsbunch length in ns. (The peak current/bunch is 177 A for the

standard singlets fill pattern; thus to get the on-axis peak brilliance from the cal cul ated
average on-axis brilliance at 100 mA, multiply the value by 1770.)

One or more long trains of bunches (15 nslong) are accelerated in the linac to 325
MeV from the gun into the positron accumulator ring. The bunches are damped in
transverse and longitudinal coordinates and accumulated one after the other until
extraction is triggered, which occurs every 0.5 seconds. The bunch length at extraction is
about 1 ns. The extracted beam isinjected into a booster that ramps the single bunch
from 325 MeV to 7 GeV in about 225 ms. At the end of the booster cycle, the bunch is
extracted and injected into the storage ring. The bunch can be injected into any of the
1296 buckets that are spaced by 2.842 ns, forming any arbitrary pattern after several
injection cycles.

The storage ring rf frequency of 351.927 MHz determines the bucket spacing of
2.842 ns. The circumference of 1104 m gives arevolution frequency of 271.5 kHz, which
allows 1296 bucketsin 3683 ns.

The storage ring is filled with either the singlets bunch pattern or the hybrid bunch
pattern. The singlets bunch pattern has alower lifetime than patterns with less charge per
bunch due to natural internal scattering processes. The singlets are therefore compatible
with top-up operation where alow lifetime (7 hrs) is not amaor drawback. For
non-top-up operation, we use the hybrid pattern and optionally the high-emittance lattice
to increase the lifetime and time between injections.

Top-up is actually necessary for running the low-emittance | attice given the
lifetime of 7 hours. The hybrid pattern can be used for low- and high-emittance | attices.
The lifetime requirement for using alattice and bunch pattern in aregular 12-hour fill
operation is 20 hours. For a 24-hour fill, the lifetime requirement is 30 hours.

The standard singlets bunch pattern is 102 mA of average current in atrain of 23
bunches, (4.43 mA/bunch or 16 nC/bunch), each spaced by 153 ns (54 buckets). Thereis
agap of 306 ns (108 buckets). This pattern is called the singlets bunch pattern. The rms
bunch length for this charge per bunch is 36 ps, corresponding to 177 A peak current.

The hybrid bunch pattern is 102 mA in one bunch of 5 mA plus 8 groups of 7
consecutive bunches (1.73 mA/bunch or 6.3 nC/bunch) spaced by 24 buckets (68 ns).
These 8 groups are opposite the 5 mA bunch, allowing a 1.5 psec gap on both sides. A
variation that has been used onceisfilling 15 mA in 3 consecutive bunches and the rest
in the 8 groups of 7 bunches.
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Appendix B: Additional Undulator A Magnetic Properties

Different tuning techniques were used to tune for small phase errors, the first- and
second field integrals, and the integrated multipole moments for al possible gap regions.
Most of the tuning was done with 0.1-0.2-mm-thick magnetic material shims (usually soft
iron). These shims are located on top of the magnets. The precise location of such shims
depends on the explicit parameter that needs to be corrected. Some other types of shims
invented at the APS were used as well, i.e., side shims attached to the outbound side of a
pole reducing the magnetic field. Pure shimsthat correct only one property of the device
and do not affect others were found and used, especially for the phase tuning (i.e., pure
phase shims or pure trajectory shims) [10, 20].

The plan to use two undulators in tandem in one straight section of the storage
ring will require phasing of the devices. Our experience with phasing of the devices for
the APS free-electron-laser project will be very useful in this case [21].

A large variety of magnetic sensors has been used to measure different magnetic
properties of the insertion devices. Thefirst six figures below (Figs. B1 — B6) show data
that were derived from Hall probe measurements, and the rest (Figs. B7 — B11) show data
from coil measurements for integrated properties. The earth field was subtracted for the
coil data but not for the Hall probe data.

Hall Probe Measurements

Figure B1 shows an example of a calculated electron trajectory and the period-
averaged electron trajectory. The entrance and exit angles for the electron are also
marked. (The entrance angle is calculated in the analysis code to make the period-
averaged trajectory angle zero when averaged over the regular part of the undulator.)
Note that tuning of IDs for the storage ring emphasizes different aspects than tuning of
devices for a free-electron laser. For example, tuning for small phase errors is important
for storage ring IDs whereas tuning for trajectory straightness and phase matching is
important for free-electron-laser magnetic devices.

The trajectory straightness and trajectory angle for the period-averaged electron
trajectory calculated from 23 measured IDs are shown vs. gap in Figures B2 and B3,
respectively.



- —
E Exit Angle 3

" Entrance Angle ]

1 / =

T C \ a
2 F a
> ]
g 0 : -
o - -
QL rC 7
S L ]
= C .
Icl C ]
£ -1 -
(=] C ]
NC ]
S a
T F ]
2 —
B "\“ N R
-200 -100 0 100 200

Distance along Undulator (cm)

Figure B1. Example of calculated horizontal electron tragjectory from magnetic field
measurements at 10.5 mm gap (K is 2.750) at 7.0 GeV (dotted curve). The period-
averaged trgjectory is shown in the regular part of the undulator (solid curve). The
regular part excludes 5 end-poles at each end of the undulator. The entrance angle

(-4.2 prad) and exit angle (2.1 prad) are defined for clarity. The electron was given this
kick at the entrance of the undulator to make the period-averaged tragjectory angle zero
when averaged over the regular part—this corresponds to the case wten0 and it
defines the optimum view angle.
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Figure B2. Tragjectory straightness in the horizontal plane vs. gap at beam energy 7.0 GeV. The
error bars show the rms variation over 23 measured IDs. The trajectory straightness is defined
as the maximum difference in position for the period-averaged trgjectory within the regular
part of the undulator. (The period-averaged trajectory shown in Figure B1 at 10.5 mm gap
falls near the average of 2 um.) Thetrgectory straightnessis~ 2 um at al gaps.
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Figure B3. Trajectory angle in the horizontal plane vs. gap at beam energy 7.0 GeV. The error
bars show the rms variation over 23 measured IDs. Thetrgjectory angleis defined as the
maximum difference in angle for the period-averaged tragjectory within the regular part of the
undulator. Thereisasmall dependency on the gap.

36



As user demand for better beam stability isincreasing, it will become important to
tune the IDs to smaller values for the first and second field integrals. For this purpose,
we have al so started to record both the entrance and exit angle vs. gap (the difference
between the exit angle and the entrance angle from the Hall probe measurements equals
thefirst field integral from coil measurements.) We give examples of the measured
entrance and exit angles vs. gap in Figure B4.

10 T T
g | : ]
2 5 g - | . _
[} :
2 | i
2 I i
= o[£
g L i
|
z ol % t * ]
8 O « _
8 [ _
c *
S N i
= | i
w 1
[J) [ _
2 5 —
o L i
>
< L i
¥x——— Entrance
L e o Exit i
-10 P S S S S S S S EN SO S SRS B
10 15 20 25 30 35
Gap (mm)

Figure B4. Measured entrance and exit angles in the horizontal plane vs. gap. (Note, only
2 IDs were included because this data was not calculated initially; the data points and rms
variations should be used as guidance only for future work to reduce gap-dependent
steering of the electron beam.) The angles were defined in Figure B1.

Both the rms phase error and the rms pole-to-pole peak magnetic field variation
were vendor specifications (at agap of 11.5 mm). The measured gap dependencies of
these parameters are shown in Figures B5 and B6, respectively.
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Figure B5. Measured rms phase error vs. gap. The error bars show the rms variation over

23 measured IDs. Note that the specification to the vendor was 8° rms variation at 11.5
mm gap. This was met by a very large margin. (The measured average rms phase error
is only 4°). The rms phase error decreases with increasing gap and approaches 2° for
large gaps.
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Figure B6. Measured rms pole-to-pole peak magnetic field variation vs. gap. The error
bars show the rms variation over 23 measured IDs. On the average, the specified value to
the vendor to be less than 0.5% at 11.5 mm was met (not an important design parameter).
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The phase error indicates the deviation from perfect matching in phase between
the electron and the emitted radiation from pole to pole. The slippage between the
electron and the light is exactly one period of the emitted radiation (A) when one period
of the undulator (A,) has been traversed for an ideal sinusoidal magnetic field, i.e., the
electron falls behind the light by one period (A). A phase error of £1 degree, for instance,
indicates that there is an offset by/360 from one period to the next. The phase errors
are calculated at each pole (slippagé/&sfrom pole to pole for a perfect device) in the
regular part of the undulator (omitting 5 end-poles at each end).

The slippagdSfromz tozis

S(2)-S(z) = [ %%x’z(z) Eﬂz,

where X'(z) is the electron’s angle in the horizontal plane, which is calculated from the
first field integral J,,(z) of the measured vertical magnetic fiélgz)

4@~ 2 (2, 1,9= [B()6,
yme I,

wheree s the electron chargey is the electron rest magas the relativistic factor for
the electron, andis the speed of light.

A linear fit @ + bz) is made to the slippad¥S The effectiveK valueKe; is then
calculated from the sloge

1+K% /2=b,
Au

and hence the on-axis radiated waveleny{b) = o2
Y

(1+KZ /2) will be known.

[The effective magnetic fielBg: is calculated from the relation
Ky =0.9341,(cm)B, (T) ]

OnceA, (0) is known, the phase errdPsare obtained from the deviation of
phase$(z) at the poles

R=(P(z)-1/2)*360, P(z) =S(z)/ A(0).

The rms variation (over 134 regular poles) of the phase error vs. gap was shown in Figure
B5 above.
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Coil Measurements

The Undulator A magnetic properties that are important for storage ring operation
arelisted in Table B1 along with the measured values. In al cases, the devices have been
tuned to meet these requirements. In addition to the values listed in the table, graphs are
shown below that give the maximum change in the field integrals for each insertion
device (Figures B7 —B8) and the gap dependency of the integrated multipole moments
(Figures B9 — B11).

Table B1: Undulator A specifications and measurements of beam-orbit-related
parameters.

Parameter Specified Value Measured Value

Maximum change in the first field |AJin | < 50 Gauss-cm 48 Gauss-cm
integral,AJ,, (horizontal field)" ?

Maximum change in the first field |41y | < 100 Gauss-cm 84 Gauss-cm
integral,AJ,, (vertical field)"?

Maximum change in the second field |AJ,, | < 18 Gauss-crh  0.21x10 Gauss-crh
integral,AJz, (horizontal field)”

Maximum change in the second field |AJ,, | < 1¢ Gauss-cth  0.72x10 Gauss-crh
integral,AJ,, (vertical field)™*

Quadrupole moment: normal and |value| < 50 Gauss norm: -10 = 23 Gauss

skew®” skew: 6 + 22 Gauss

Sextupole moment: norm3l |[value| < 200 Gauss/cm  -40 £ 116 Gauss/cm

Sextupole moment: sket |[value| < 100 Gauss/cm -8 + 41 Gauss/cm

Octupole moment: normal [value| < 300 -33 + 128 Gauss/ch
Gauss/crh

Octupole moment: ske® [value| < 50 Gauss/ém 11 + 24 Gauss/cfn

Y Maximum change for any of 23 measured IDs over the full measured gap range (10.5 mm — 150.0 mm).
Conversion factors at 7.0 GeV: 1 Gauss-cm = (0i840); 1 Gauss-che (0.3/7)x10° pm.

2 additional tuning efforts using existing hardware may reducedtheto ~ 30 Gauss-cm.

3 Additional tuning efforts using existing hardware may reducelfhgto ~ 50 Gauss-cm.

) additional tuning efforts using existing hardware may reduceifagto ~ 0.4x16 Gauss-cr

5 Average value and rms variation as measured for 23 IDs. There is a gap dependency for the higher order
multipole moments, and the largest magnitudes of the average values are listed. See also graphs below that
show the gap dependence on the integrated multipole moments.
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Figure B7. Measured maximum changein first field integral A4J; over the full gap range
(10.5 mm — 150.0 mm) vs. ID number. (Data points were connected to enhance clarity

only.)
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Figure B8. Measured maximum change in second field intédgsalver the full gap
range (10.5 mm — 150.0 mm) vs. ID number. (Data points were connected to enhance
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Appendix C: Undulator 2.7 cm Magnetic Properties

In order to be able to evaluate shorter period devices for future use, we summarize
the measured magnetic field vs. gap for one device that isaready in usein Table C1.

Table C1: Measured gap dependency of the peak magnetic field Byeax and effective field
Best fOr one 2.7-cm-period, 2.4-m-long, planar hybrid device. The effective K value Kgt
and the first harmonic energy E; are derived from B, and the powers are derived from

Gap ? | Bpe (T) ¥ Ber (T) ¥ Kesf E; (kev) Peensty ®  Prota
(mm) (kW/mrad?) (kW)
8.5 0.8938 0.8649 2.180 5.103 201.6 5.88
9.0 0.8366 0.8127 2.049 5.561 188.4 5.15
9.5 0.7830 0.7637 1.925 6.040 176.0 4.52
10.5 0.6862 0.6733 1.697 7.061 153.4 3.47
115 0.6056 0.5969 1.505 8.083 134.7 2.70
12.5 0.5324 0.5266 1.328 9.161 117.7 2.09
13.5 0.4697 0.4660 1.175 10.197 103.1 1.62
14.5 0.4160 0.4138 1.043 11.161 90.6 1.28
15.5 0.3670 0.3658 0.922 12.092 79.0 0.99
16.5 0.3251 0.3246 0.818 12.911 69.0 0.78
17.5 0.2884 0.2883 0.727 13.633 59.9 0.61
18.5 0.2559 0.2560 0.645 14.263 51.6 0.48
19.5 0.2270 0.2274 0.573 14.802 441 0.38
21.0 0.1903 0.1909 0.481 15.445 345 0.27
23.0 0.1503 0.1511 0.381 16.068 239 0.17
25.0 0.1188 0.1197 0.302 16.484 16.2 0.10
27.0 0.0940 0.0950 0.240 16.754 10.6 0.07
30.0 2) | 0.0661 0.0673 0.170 16.990 55 0.03
35.0 0.0368 0.0379 0.096 17.156 1.8 0.01
40.0 0.0204 0.0213 0.054 17.209 0.6 0.00

Y The measured gaps are shown in bold italic. Intermediate gap values were obtained by linear
interpolation of log of field vs. gap.

) Fields were not measured for gaps larger than 30.0 mm. For gaps beyond 30.0 mm, the dependency on
the gap was extrapolated from the field at the two largest measured gaps (27.0 mm and 30.0 mm).
34) See footnote for Table 2 for definitions.
% Zero-emittance calculation us ng K for on-axis radiation (6= 0) for beam energy 7.0 GeV. See
footnote for Table 2 for additional information.
®) Zero-emittance calculation at beam energy 7.0 Gev and current 100 mA, using Bpeand the full number
of undulator periods (N = 88).
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Figure C1. Measured effective magnetic field B as a function of gap for one 2.7-cm
period device (minimum gap is 8.5 mm). The dataare from Table C1. The solidlineis
the interpol ation/extrapolation of field vs. gap.
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Figure C2. Measured effective K value and calculated first harmonic energy (E;) for on-
axisradiation for 7.0 GeV beam energy as afunction of gap. The dataare from Table
C1. Thesolid lineisthe interpolation/extrapolation of K vs. gap and the dotted lineis
calculated from the interpol ated/extrapolated values. The minimum gap is 8.5 mm

(Kesr = 2.180) and minimum calculated energy is 5.10 keV. The useful tuning range for
the first harmonic is approximately 5 — 15 keV.
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Figure C3: Total power and on-axis power density for the 2.7-cm device (zero-emittance
calculation) vs. gap for abeam energy of 7.0 GeV and 100 mA current. The data are
from Table C1.
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Figure C4: Total power and on-axis power density for the 2.7-cm device (zero-emittance
calculation) vs. first harmonic energy for abeam energy of 7.0 GeV and 100 mA current.
The data are from Table C1.
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Appendix D: On-Axis Brilliance for APS Bending
Magnet, Wiggler, and Other IDs

For completeness, we compare the calculated on-axis brilliance for all APS planar
devices (L = 2.4 m) vs. the bending magnet and the wiggler for the present low-emittance
lattice (Figure D1). Here we have calculated the brilliances up to 100 keV, which
includes many harmonics (harmonic 33 for Undulator A and harmonic 19 for the 2.7-cm-
period device). The magnetic field errors were not taken into account, and the brilliance
drop at 100 keV may be estimated to about afactor of two from what is shown.
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Figure D1. Comparison of the on-axis brilliance for the APS bending magnet, wiggler,

and “other IDs” vs. Undulator A (3.3 cm period; dotted curve) for the low-emittance
lattice. The bending magnet, with a critical eneegyof 19.5 keV, is shown as the
dotted-dotted-dashed curve. The wiggler, Wiggler A (WA), with an 8.5-cm period, is
shown as the dotted-dashed curve. The wiggler was set at 18.1 mm gap (peak magnetic
field Bpeak= 1.1 T,Ec= 35.9 keV). The undulators cover particular energy ranges as is
easily seen. The minimum gap is 10.5 mm except for the 2.7-cm device which is 8.5
mm. The 5.5-cm-period device is used for experiments at lower energies and only the
first, third, and fifth harmonics are shown (U5.5 cm, dashed curve). The 1.8-cm-period
device (U1.8 cm, long-dash) is a special device and the first and third harmonics are
shown. Note the very limited tuning range for this device. This is becaukevtige is

small even at closed gap (0.45 at 10.5 mm gap) and the intensity drops quickly for small
changes in th& value (undulator gap). As can be seen, the 2.7-cm-period device (U2.7
cm, solid curve) gives a higher brilliance than does Undulator A over the entire energy
range where they overlap with only a modest loss in brilliance between the first and third
harmonic. Higher harmonics were included in the calculations for these devices
(harmonic 33 for Undulator A and harmonic 19 for the 2.7-cm-period device).
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